In recent years, guaranteeing that large-scale interconnected systems operate safely, stably and economically has become a major and emergency issue. A number of high profile blackouts caused by cascading outages have focused attention on this issue. Embedded HVDC (High Voltage Direct Current) links within a larger AC power system are known to act as a "firewall" against cascading disturbances and therefore, can effectively contribute in preventing blackouts. A good example is the 2003 blackout in USA and Canada, where the Québec grid was not affected due to its HVDC interconnection. In the literature, many works have studied the impact of HVDC on the power system stability, but very few examples exist in the area of its impact on the system security. This paper presents a control strategy for HVDC systems to increase their contribution to system security. A real-time closedloop control scheme is used to modulate the DC power of HVDC links to alleviate AC system overloads and improve system security. Simulations carried out on a simplified model of the Hydro-Québec network show that the proposed method works well and can greatly improve system security during emergency situations.
been used to ensure system security: preventive control and emergency control [1, 2] . Preventive control seeks to adjust the operating conditions for the power system to operate within sufficient margins of a defined set of static and dynamic constraints. This will enable the system to cope with future events (given by a set of most credible contingencies) without any additional postcontingency control. Preventive control requires significant standby reserves, and therefore incurs higher operating costs [1, 3] . Emergency control, on the other hand, acts in the postcontingency state, i.e. after the contingency has occurred, which makes it possible to minimize the reserves required and consequently the operation costs [1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] . Although, with emergency control the operating costs are significantly reduced, most utilities around the world still rely on preventive control to maintain the security of their systems at an acceptable level. In fact, several emergency control schemes have been designed and installed worldwide in the past, but these schemes have been used only as an additional line of defense and were prevented, as much as possible, from operating by applying preventive control actions [1] . This is because these emergency control schemes, also called special protection schemes or remedial action schemes, have several disadvantages including complexity, high costs and the provision of control over predefined events only (i.e. feed-forward type). Some of these emergency controls involve the disconnection of the customer's electricity supply [13, 14] . However, several drivers, such as those listed below, are motivating the use of corrective controls in the future to ensure secure operation of power systems [1, 2, 5, 13, 14] .
The increased difficulty in constructing new transmission lines (i.e. difficulty of obtaining rights of way to build new overhead lines) which forces Transmission System Operators (TSOs) to maximize the use of existing infrastructures to meet the growing power demand.
Increased penetration of intermittent and variable renewable energy resources increases uncertainty in the power system's operation, making it more difficult for TSOs to fulfill the N-1 criterion without recourse to emergency controls.
Increased adoption of HVDC links and flexible AC transmission systems (FACTS)
devices which offer new solutions for designing faster and more efficient emergency controls.
The recent rapid development of wide area measurement systems (WAMSs) based on phasor measurement units (PMUs), already been deployed in several countries, offers the possibility to design closed-loop emergency control schemes (i.e. feedback type) that can respond to any arbitrary disturbances.
One of the common scenarios in the previous blackouts is the overloading and tripping of transmission lines in a cascading sequence due to the power redistribution phenomenon [13] .
Due to the first two factors mentioned above, relieving system overloads has become one of the biggest challenges for TSOs. Several techniques have been proposed in the literature to relieve overloads in power systems, such as generation re-dispatch, load shedding and power flow redistribution through transmission line switching or power flow controlling devices (phase shifting transformers, HVDC, FACTS) [5] [6] [7] [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Owing to the above disadvantages of emergency controls, power flow redistribution by HVDC and FACTS is considered to be the most promising and preferred approach available to utilities to relieve overload in modern power systems compared with other corrective control techniques [33] . This strategy is promising because HVDC and FACTS technologies can achieve fast and reliable overload relief using feedback control techniques which are well suited for systems with uncertainties.
The strategy is preferred because of its economic benefits since it avoids the economic penalties incurred when using other strategies such as generation re-dispatch and load shedding.
HVDC technology is now well established and widely used worldwide for bulk electricity transmission, long-distance transmission and asynchronous interconnection. One of the most important specific advantages of HVDC technology is its ability to dynamically isolate an area of the grid from the rest of the system, and therefore can serve as an automatic firewall against cascading disturbances thus preventing large-scale blackouts [13, 34, 35] . A good example is the 2003 blackout in USA and Canada, where the Québec grid was not affected by the outage due to its HVDC interconnection to the US, whereas the neighboring province of Ontario (synchronous interconnection with US) was fully affected [36] . It is worth mentioning that this specific advantage of HVDC systems is only limited to asynchronous interconnections.
However, in several regions around the world, the development of power systems is clearly focused towards the hybrid interconnection [37] . Clearly, new means to improve the security of hybrid interconnection systems using HVDC links are highly desirable.
To effectively exploit the high controllability of HVDC systems, this paper develops a control strategy to improve the security of hybrid interconnection systems during emergency situations. The HVDC link is used to relieve, in real-time, the transmission system overloads by means of a supplementary closed-loop control scheme.
Currently, the only available method to calculate control set-points of HVDC links (or FACTS devices) to relieve overload on a transmission line requires knowledge of the sensitivities of this line with respect to HVDC (or FACTS devices) controls. However, transmission lines sensitivities calculation in real-time is time-consuming and relies heavily on the fast acquisition and processing of accurate and reliable data which poses a major challenge.
With the proposed control approach, transmission line loading can be reduced to the desired level without the need to calculate the sensitivities indices, which makes possible the implementation of emergency control. It is hoped that this contribution will stimulate further work in this emerging and exciting area of research.
Preliminary Analysis
Detailed analysis of previous blackouts has shown that they originate from cascading events in which a triggering failure (e.g., line fault or loss of a power plant) produces a sequence of secondary failures that lead to the blackout of a large area of the grid [13, 38, 39] . To ensure that a single contingency does not result in cascading outages, some deterministic security rules are applied. A common practice is the so-called N-1 criterion which can be defined as follows: the system should always be operated with a sufficient security margin in such a way that it is able to withstand any credible contingency (e.g. outage of a line) without any additional control action. System operators continually perform contingency analysis at the operation point to determine if the system is secure for all credible contingencies. To speed up the computation, a screening process is usually used to determine the critical contingencies from the entire set of credible contingencies.
As mentioned previously, it is becoming difficult for today's power systems to ensure security by applying preventive control, as highlighted in several reports on previous blackouts where the no fulfillment of the N-1 criterion was considered as the major cause [40, 41] .
Consequently, emergency control has been proposed as an additional line of defense to reduce the excessive use of preventive actions, especially because most credible contingencies (equipment outages) are relatively rare events [10] . In emergency control, the system operates without fulfillment of the strict N-1 criterion, but relies on corrective actions after the occurrence of any outage, in other words the control action is triggered only if the predefined event occurs. This situation is called the corrective N-1 security criterion. As an example, the Swiss power system was operated according to this criterion before the Italian blackout of September 2003 [13, 41] . Emergency control can reduce the system operating cost, while providing the same security level as preventive control [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . To illustrate this, the simple example of Fig. 1 is used. In this system, Areas A and B are connected through three AC lines and one parallel DC line. The AC lines are identical and have a capacity of 300 MW each. A load of 1700 MW is connected in Area B. The rated power of the bipolar HVDC link is 500 MW. The generators in Areas A (capacity 2000 MW) and B (capacity 1500 MW) are used to supply the load. If the incremental costs in Area A is 20 $/MWh, and that of area B is 50 $/MWh, the pure economic dispatch solution would be as shown in Fig. 1(a) and the total operating cost would be equal to 43000 $/h. Suppose now that the N-1 criterion is applied to improve system security to an acceptable level, therefore, the system should have no overloads if one of the AC lines fails (the outage of an HVDC pole is also considered). The resulting line flows will be as shown in Fig. 1(b) .
Clearly, this security-constrained dispatch has a higher operating cost (52000 $/h) than the pure economic dispatch shown in Fig. 1(a) . Now, suppose that the generators in Areas A and B can increase/decrease their power outputs by 100 MW before the system protection is triggered. Considering the advantage of the postdisturbance corrective action after the outage, the dispatch shown in Fig. 1(c) is obtained. Thus, it is possible to achieve the same level of security as in the dispatch obtained with the preventive method, but with a lower operating cost of 49030 $/h.
It is well known that the HVDC link can transmit more than the rated power for short periods of time (and sometimes even for longer periods under special circumstances). Suppose that the 500 MW HVDC link considered in our example has a continuous overload capability of 20 % (i.e. 100 MW). When one pole is lost, the power transfer in the remaining pole is 250 MW, with a continuous overload capability of 50 MW. Due to its controllability and its overload capability, the HVDC can be used as an emergency measure to protect the parallel AC lines from being overloaded by increasing its transmitted power [34, [42] [43] [44] [45] . Taking this corrective action into account, the same dispatch shown in Fig. 1(c) is obtained. As opposed to generation re-dispatch which incurs considerable cost, the corrective action by the HVDC link comes at zero cost. Since the use of re-dispatching generation to eliminate constraint violations always comes at a cost, the primary concern in this corrective action is to re-dispatch the leastexpensive generation. However, this objective increases the complexity of decision making process which may lead to more generation shedding than what is needed. Thus, the overload capability of the HVDC link is the most cost-effective solution as it can minimize or even eliminate the need for generation re-dispatch outside the preferred schedules. Therefore, HVDC links can be used, as a first step, to eliminate constraint violations during certain contingencies thus avoiding costly generation re-dispatch. If, however, this corrective action is not sufficient to move the operating point to a secure state, then additional actions (probably costlier) may be considered.
A review of past blackouts shows that one of the main causes of cascading outages was due to a lack of information about system conditions and a lack of preparedness to take decisive and appropriate corrective actions [13, 38] . Thus, automatic execution of power flow control actions is a key solution to such problems. To achieve this objective, real-time closed-loop control schemes are required, which are believed to provide reliable results and reduce the risk of human error. Online Dynamic Security Assessment (DSA) is an ideal tool for such a task where transfer limits can be calculated using real-time data. These objectives can be achieved with the recent rapid development of wide-area monitoring systems based on Phasor Measurement Units (PMUs) which are already installed in many sites worldwide [1, 33] .
Fast response is crucial for any corrective control, especially for high overloading conditions which should be resolved quickly. In the simple example of Fig. 1 , if one AC line is out of service and the HVDC power is not quickly increased, the remaining AC lines are likely to be immediately disconnected by their protection systems. After the second outage, an increase in HVDC power cannot prevent the outage of the third line because of insufficient overload capability of the HVDC link. Thus, there is only a short time interval during which HVDC power must be increased before the overload protection triggers, as may be the case when the operator is unavailable or not experienced enough to react quickly and accurately [10] . Usually, a power flow control action initiated by an operator in an interconnected system can take about twenty minutes or more [1] . Therefore, automated decision making with little or no human intervention is essential to avoid widespread cascading developments in today's highly stressed interconnected power systems. This was one of the major recommendations that have been summarized in some technical reports made by teams of experts to reduce the risk of blackouts in the future [13, 38, 36, 40, 41] .
To the best of our knowledge, little or no work addressing the relief of line overloads by HVDC links using a real-time closed-loop control scheme has been reported in the literature.
Only methods based on the supplementary controls for HVDC power modulation have been proposed for transient stability improvement and damping of power oscillations. In the next section, a supplementary HVDC control for relieving overloads of transmission lines is presented.
Proposed control strategy

HVDC system
The HVDC system considered in this paper is of the conventional line-commutated converter (LCC) type based on thyristor valves. By controlling the firing angle for the rectifier α R , the power through the HVDC link can be controlled by a current controller (Fig. 2 ). The limited current reference I ref_lim is generated using the Voltage Dependent Current Limit (VDCL) unit which provides current reference values during steady-state and transient conditions. The VDCL has a fast-acting response which enhances the transient stability of the integrated AC-DC system. Because of its dynamic and static properties, the VDCL can respond rapidly to reduce DC power flow to a minimum (typically 20% value) and respond slowly (on a controlled ramp rate, typically over a period of 150-350 ms) to increase DC power flow to help voltage and power recovery following faults and enhance the stability of the overall system [54, 55] .
The power transmitted by the HVDC link can be easily controlled with a high speed of response (typically, in the range of tens of milliseconds). Thus, the HVDC link can be used for stabilization of the associated AC system by modulating the HVDC power. The power flow in the HVDC link is usually modulated by adding an auxiliary signal (ΔI DC ) to the current reference of the rectifier controller (see Fig. 2 ). This modulation control signal is derived in response to the variations in some AC system quantities (external signal), such as the frequency or phase change. This technique is usually used to improve transient stability (first swing stability) and to damp power oscillations (dynamic stability) [45, [48] [49] [50] [51] . A discontinuous control signal can be used to improve transient stability during system disturbances, and a continuous control signal (i.e. active all the time) can be used to increase the damping.
In order to obtain an automatic real-time HVDC power control that addresses the relief of line overloads, the authors propose to introduce a discontinuous modulation control signal which can be applied during emergency situations to reduce the loading of some selected critical AC transmission lines. The objective is to accurately control the HVDC power at the right level and at the right time to remove line overloads and reduce the risk of cascading outages.
Closed-loop control
The HVDC link is used here to reduce the risk of cascading line outages by keeping the loading margin of some selected critical AC lines at an acceptable level during disturbances. Fig. 3 shows the power characteristics (P 1 (t) and P DC (t)) of the system considered in Fig. 1 (it should be noted that these characteristics are proposed only to explain the control strategy). P C1 is the power transfer limit of line 1. It is necessary to satisfy the load demand without compromising the system security. P M1 (margin point) is the appropriate limit on loading to ensure the secure operation of line 1 and reduce the risk of component failure due to overloading. The methodology is: whenever a line exceeds its operating margin point P Mi (in this case line 1 at time t 1 ), then the DC power P DC will be automatically adjusted to keep P 1 at its margin point (P M1 ) as shown in Fig. 3 (a). P DCMAX (I DCMAX ) is specified as the upper limit for the current carrying capacity of the converter valves. Due to their limited thermal inertia, the converter valves cannot carry a current that is higher than the rated value for a long period [47] .
The overload capability is subject to the thermal rating of other equipment, such as the converter transformer and smoothing reactor; it is also subject to the ambient temperature as well as the status of redundant cooling system [52] .
An adaptive and real-time determination of the DC power changes to relieve specified overloads can be achieved with the application of the new Information and Communication Technologies (ICT) such as multi-agent systems and Wide Area Monitoring Systems (WAMS) using Phasor Measurement Units (PMU) [12, 33] .
When there is an overload condition (i.e. the measured line flow is greater than the specified line rating), the amount of DC power change ΔP DCi required to reduce the loading on line i can be determined using the following equation:
where, P i is the measured power flow in line i, P Mi is the specified power rating of line i (a small security margin is introduced in our study to ensure system security) and S i is the sensitivity of line i with respect to the change in the DC power which is written as:
This procedure is illustrated in Fig. 3(b) for line 1. The required ΔP DC1 to reduce the loading level of line 1 and maintain P 1 (t) at P M1 is given by
, where P 1 is the power measured at time t 2 .
However, because the determination of the control set-points of HVDC links requires real-time computations of the sensitivities of transmission lines, several uncertainties emerge during these computations. As a consequence, the application of this control technique relies on the availability of accurate and higher quality online data to be processed at the right time, which poses a major challenge for the implementation of such a technique in actual system operations [1, 53] . Moreover, since it takes some time to collect the required information and calculate the sensitivities of the transmission lines before taking the control action, changing the HVDC setpoint is not a purely real-time control. To overcome this, a closed-loop control scheme, where ΔP DC is determined continuously without the need to calculate the sensitivities of the transmission lines is needed.
Ignoring transmission losses, the total power transfer from Area A to Area B (Fig. 1) is given by the equation:
Where, P 1 (t), P 2 (t) and P 3 (t) represent the power flows in lines 1, 2 and 3 respectively and P DC (t) is the DC power of the HVDC link. When the control strategy is not in operation (i.e. the HVDC is transferring a constant amount of power), P DC (t) is always equal to P DC_ref .
When the power through line 1 exceeds its margin point P M1 , the DC power is increased to maintain P 1 (t) at P M1 and reduce the loading level of line 1 (i.e. P DC (t) ≠ P DC_ref as illustrated by Fig. 3(a) ), then we can write:
Therefore, the total power P T (t) is given by:
From (3) and (5), the amount of DC power increment ΔP DC1 (t) required to keep P 1 (t) at P M1 is:
This equation gives the exact value of ΔP DC in a continuous fashion where the power through the line of concern (in this case line 1) is the only information needed.
In general, when the variation in the DC power of an HVDC link affects the MW flow of any transmission line in the system (line i), the power flow through this transmission line P i (t) can be controlled by the HVDC link at a defined point P Mi based on the following equation
Note that equation (7) is used when the increase in DC power leads to a decrease in the loading of line i (i.e. the sign of sensitivity is negative). Conversely, when the increase in DC power produces an increase in the loading of line i (i.e. the sign of sensitivity is positive), the following equation is used:
The strategy is implemented by adding a control signal ΔI DC to the DC current reference of the rectifier current regulator, as shown in Fig. 2 .
The signal ΔI DC is given by:
where, V DC is the DC voltage of the HVDC link.
A block diagram of the control strategy used to protect line i from overloading is depicted in Fig. 4 . The measured values (P i and P DC ) are passed through a low-pass filter to eliminate higher order harmonics. The block B Di is used to detect overloading (i.e. when P i exceeds its margin point P Mi ). During secure operation of the line (i.e. P i < P Mi ) R i , the output of block B Di is always zero, but when the power P i is greater than or equal to P Mi , R i is equal to P i . The controller is active only when line i is operated close to its limit (i.e. P i ≥ P Mi ) in which case there is a substantial risk of a cascading outage. As discussed above, the DC link is used here to control the power P i at P Mi, therefore, P i will vary around P Mi , and this leads to a discontinuous action of the detection block B Di . A low-pass filter is used to remove high-frequency noise and achieve a continuous control signal. Finally, a limiter is employed to limit the maximum amplitude of the modulation signal applied to the current regulator. Like the transmission line, the generator also has a limit, and when this limit is reached, loss of generation can occur due to overloading if load shedding is not applied. With the same method, the HVDC link can be used to maintain the generation at the receiving-end at a safe level, thereby reducing the risk of load shedding. The loss of generation in Area B (Fig. 1 ) can be avoided with the control strategy by keeping the power generation in this area at a safe level (margin point: P MB ) with the following equation:
where P B is the power generation in area B.
Remote signals will not present a problem when the proposed control is applied to a large interconnected system. For instance, back in 1976, a control system was implemented to improve the stability and damping oscillations through modulation of the Pacific HVDC Intertie using active power and later, current magnitude signals from a remote substation on the parallel Pacific AC intertie [14, 49] . In fact, modulation with remote signals has been successfully used in various HVDC projects around the world [42, 43, 45] . In addition, major advances in measurement and communication technologies, such as phasor measurement system and fiberoptic telecommunication, open up the possibility of using remote signals to design more efficient control schemes [1, 14, [54] [55] [56] .
The proposed control would be applied as a discontinuous supplementary control, i.e. the remote signal R i (Fig. 4) is transmitted to the converter station only when necessary (when, P i ≥ P Mi ). As noted by several authors, the implementation of discontinuous supplementary controls has good prospects and the application of these controls may be, in many cases, less costly than network reinforcement [14, 51, 57] .
Application procedures
As discussed above, the HVDC link can be used as a measure to reduce the loading of calculation of the control set-points of HVDC links. This is because contingencies can cause changes in the network topology and this in turn leads to changes in the sensitivity indices which need to be recalculated online. However, although sensitivity analysis is not needed to determine the required amount of DC power change in the proposed control, it is needed in the decision-making process. For example, if a line overload is detected, the HVDC link that has the largest effect on this line should be used to alleviate the overload, i.e., the HVDC that can produce the largest power flow change on the line when its DC power is increased to the maximum limit (i.e. overload capability). The power change ∆P i,k that can be produced on line i when the DC power of HVDC k is increased to its maximum limit can be determined by the following equation:
where DCk P is the actual (measured) DC power of HVDC k max DCk P is the maximum possible DC power of HVDC k k i S , is the sensitivity of line i with respect to the control of HVDC k However, since sensitivity indices are not needed to determine the required increment of the DC power and are only needed to select which HVDC link will provide this power, an off-line sensitivity analysis would be sufficient. Based on this sensitivity analysis, HVDC links are ranked according to their potential effects on line flows. An expert system such as those described in [18, 30, 31, 58, 59] can be used for this purpose. Normally, each HVDC link will have a significant impact only on some neighboring lines [31] . A review on the existing hybrid AC/DC interconnection systems around the world shows that the HVDC links are used in these systems to connect major power generation facilities with main load centres where several AC transmission lines, usually referred to as tie-lines, are also used. In such systems, the HVDC links will have a significant impact on these tie-lines feeding the main loading areas. For example, in the system shown in Fig. 6 , the red HVDC links would have a significant impact on the red AC lines (presented by red arrows), while the green HVDC links would have a significant impact on the green AC lines. In today's interconnected systems, it is very important to control the power flow on certain of these lines (tie-lines) and to ensure their secure operation. Because these lines are often operated close to their limits, a failure of one or more of these will have a significant impact on the system security as already experienced in several large blackouts in different parts of the world [13, 38] . The HVDC links would also have an impact on some transmission lines within certain areas of the system, particularly the sendingand receiving-end areas. In the sensitivity analysis process, an appropriate threshold When a line overload is detected, the HVDC with the largest impact on that line in the list will be used first to relieve the overload. If the overload is not eliminated, the second HVDC in the list with respect to the line (i.e. the one having the second largest impact on the line) will be used to eliminate or further reduce the overload, and so on. If the overload is not completely eliminated by the available HVDC links, generation re-dispatch procedure should be applied to resolve the issue (see Fig .5 ). When two or more overloaded lines are detected at the same time and a potential HVDC link has been identified for all these lines, an overload index LI is used to determine the most critical line between them. The line with the highest value of LI will be the most critical line and the identified HVDC link will act first to relive the overload on that line. The overload index of line i is given by:
where P i is the measured power flow in line i, P Mi is the specified power rating of line i (i.e. the limit) and w i is a non-negative weighting factor which may be used to reflect the importance of the line according to certain considerations such as its impact on the security and stability of the system and/or its impact on the operating cost of the system, etc. After each control action, a check procedure is performed to ensure that the control is in the right direction, i.e. the loading of the line of concern should be decreasing with the change in the DC power; otherwise, the control action is turned off and another HVDC is selected according to the fixed list (see Fig. 5 ).
Case study
In hybrid interconnections, HVDC systems are usually constructed to transmit power over long distances from regions with high power generation resources such as coal and hydro to the main load centres with several AC transmission lines. In these systems, the proposed control will play an important role to prevent cascading outages of major AC transmission lines that cause widespread blackouts. To test and illustrate the effectiveness of our approach in such systems, a simplified model of the Hydro-Québec 735 kV series-compensated transmission system is used.
The Hydro-Québec transmission system is used to transmit over long distances (more than 1000 km) bulk power generated in the north by large hydroelectric generation complexes to the load centers in the southern part of the province of Quebec (the population centers of Montreal and Quebec City). The simplified model used in our study is a reduced version of the real system, A sensitivity analysis performed in the base case condition showed that the HVDC link has an impact on the transmission lines used to transmit the power generated in the James Bay area (sensitivities between 0.12 and 0.36 indicated by the color in the figure and shown in Table 1) but has a negligible or no impact on the lines used to transmit power generated in the Churchill and Manic areas. The analysis also showed that all the sensitivity indices have a negative sign except the line between buses 1 and 2 which had a positive sensitivity. These remarks have also been observed during several N-1 contingency situations. 
Verification of the effectiveness of the proposed closed-loop control
Before applying the proposed control strategy, the effectiveness of the proposed closed-loop control in controlling the power flow is tested on selected transmission lines. During this test, the detection block B Di (see Fig. 4 ) is not necessary, in other words, the measured power of the selected line is used directly as indicated in equations (7) and (8) The results obtained for the three selected lines are shown in Fig. 9 , Fig. 10 and Fig. 11 respectively. As can be seen from these figures, after its activation at t = 2 seconds, the closedloop control works well and controls the power flow through the selected lines at the given references. When a step change is applied to the reference at t = 4 seconds, the closed-loop control acts accordingly and changes the DC power to achieve the desired power flow control.
The controller's speed of response increases with the sensitivity index value, as can be seen from those three figures.
Application of the control when there is a line outage
In order to test the control when there is a line outage, one line between buses 6 and 9 is tripped at t = 2 s without reclosure. This outage greatly increases the loading level of the remaining line between buses 6 and 9. This is because, after the outage, almost the entire power in the tripped line is redistributed to the remaining line, according to circuit laws. To test the control strategy, it was assumed that the remaining line has a limit of 1950 MW, and 1850 MW was chosen as a margin point for this line. It should be noted that these values are only used to test our control strategy (i.e. the limits chosen in this study are not the limits of the real system). Fig. 12 shows the system responses for the above contingency for both cases with DC power control (curves WPC) and without DC power control (curves NPC). When the HVDC is transferring a constant amount of power (NPC), it is clear from Fig 12(a) that the power through the remaining line between buses 6 and 9 exceeds the limit value and stabilizes at approximately 2130 MW. However, when the control strategy is applied, the DC power (Fig   12(b) ) is increased to reduce the loading of the remaining line and keep its power at the margin point (the green dashed line), as shown in Fig 12(a) . To show the importance of the low-pass filter in the control system, the waveforms of ΔI DC before and after the filter are shown in the figure.
As a second test, a double contingency is considered, where the two lines between buses 6 and 9 are tripped simultaneously at t = 2 s without reclosure. This contingency greatly increases the loading level of the lines between buses 6 and 7 and between buses 7 and 8. The further outage of one of these lines could cause cascading outages leading to total blackout because large amounts of power will be redistributed to the other lines. Therefore, it is very important to protect these lines from overloading and reduce the risk of cascading outages. The HVDC link will act to relieve overload on the first line that reaches its loading limit. At the same time, the loading of the other lines will remain constant and below its limit. To test the control strategy, let us suppose that the lines between buses 6 and 7 are identical and have a limit of 2200 MW each. Fig. 13 shows the system responses for this double contingency. When the control strategy is not applied, it is clear from Fig. 13(a) that the power through the lines between buses controller in action, it can be observed that the overload is successfully relieved within one second and the power flow is maintained at the specified margin point (2100 MW). At the same time the applied control also reduces the loading level of the lines between buses 7 and 8 as shown in Fig 13(b) . Since the three parallel lines between buses 6 and 7 and between buses 7 and 8 are identical, the power through only one parallel line is shown in the figure.
Discussion
Usually HVDC links operate at their rated power. Thus, the increase in DC power during emergency situation depends on the overload capability offered by the HVDC links. The overload capability is subject to the thermal rating of the HVDC equipment and differs from one HVDC to another. However, the interaction between DC and AC systems may impose a DC power transfer limit lower than the actual overload capability of the HVDC link. The major phenomenon resulting from the AC/DC interactions and which can limit DC power transfer is the risk of AC voltage instability at the HVDC terminal, particularly in low SCR (Short-Circuit Ratio) applications. For given system conditions, an HVDC link always has a maximum power transfer limit which is related to the well known problem of AC voltage collapse due to the coupling between AC voltage and DC power variations [62] [63] [64] [65] [66] [67] . Thus, an assessment of the phenomena to indicate any power transfer limitations or increased available power margins and associated critical voltage levels should be carried out when an HVDC is to be used as an emergency measure. A number of analytical techniques using system indices such as Maximum Available Power (MAP), Voltage Stability Factor (VSF) and Control Sensitivity Index (CSI) have been proposed to analyse voltage stability problems at HVDC terminals [64] [65] [66] . These techniques are very useful for assessing DC power capability and the need for AC voltage control when DC power varies. This means that the reactive power compensating devices in some cases must be over-sized to provide adequate control over AC voltage at overload capability. Since the reactive power requirement varies with the active power transfer, shunt capacitors are normally subdivided and switched in steps by circuit breakers depending on the transmitted power and the needs of the AC network. If the HVDC power suddenly increases in response to an emergency control, the sequential switching-in of shunt capacitors can not catch up with the rapid increase in reactive power consumption of the converter [68] . This delay in reactive power consumption (in practice 100-300 ms) may cause a drop in the AC voltage at the HVDC terminal for a short period [63, 68] . On the other hand, reactive power compensation in a discontinuous manner causes variations of the AC voltage, particularly for systems with low SCR [63] . To avoid such problems, additional AC equipment such as synchronous compensators, static var compensators or STATCOMs could be required to provide effective reactive power and voltage control. However, these devices tend to incur additional investment and maintenance costs to the HVDC system hence compromising its economic advantage [62, 63, 68] .
In practice, when designing wide-area protection and control strategies, two important factors must be kept in mind: communication time delays and remote control signal loss.
With modern PMUs interconnected using fiber-optic or satellite-based technology, communication delays are in the range of 100-400 ms [55, 69] . For transient and dynamic stabilities improvement, the time delays could potentially impact the controller performance and therefore they need to be taken into account in the design stage [55] . However, for relieving overloads of transmission lines, a time delay in the range of milliseconds is very acceptable to initiate a control action before the protection system acts even for severe overloads. On the other hand, with regard to the loss of the remote control signal or any failure that prevent emergency control from operating, two situations arise. In the first situation, the emergency control is used as a supplementary line of defense to preventive control, i.e. the emergency control acts only for worse cases such as N-2 contingency situations. However, this situation does not encourage the TSOs (Transmission System Operators) to invest in emergency controls based on wide-area signals. TSOs want to implement control strategies that allow higher power transfers and operating economies [3] . This leads to the second situation: the emergency control is used in addition to the preventive control to fulfill the N-1 criterion, as explained in Section 2.
The emergency control is introduced here to reduce the high use of preventive actions, which contribute to a reduction in operating cost, while maintaining N-1 security as shown by several studies [4, 5, 10] . In this situation, the effectiveness and reliability of emergency control, especially communication infrastructures, is a crucial issue. The benefit of the proposed control clearly appears in this situation. Unlike methods that are based on sensitivity computations which require high volume and variety of data, the proposed control does not require a large amount of data, which is very advantageous in term of its reliability. Indeed, the acquisition and processing of a large amount of data requires an information management system and other resources which further increase the cost and complexity of the system. With the proposed control, the power through the line of concern is the only information needed. This means that if One of the crucial issues regarding the proposed control is the selection of the appropriate HVDC link to relieve the detected overload (i.e. the HVDC that can produce the largest power flow change across the line of concern). The off-line analysis, proposed in the paper, which consists of selecting and ordering (from greatest to least) HVDC links according to their effects on line flows would be useful for systems where power flow patterns are relatively stable and
predictable. An example of such systems is when the HVDC links and AC lines of concern are used to transmit power from the main power production facilities to the main loading areas, such as the systems shown in Fig. 6 and Fig. 7 . However, in a highly meshed interconnected system where power flows patterns are more volatile and less predictable, using a fixed list becomes unreliable for real-time operation. Therefore, a more intelligent system to select the suitable HVDC link is required. Expert systems such as those proposed in [18, 30, 31, 58, 59 ] are very ideal for this purpose and can greatly improve the selection process.
Conclusion
A closed-loop control strategy is proposed for HVDC links to relieve, in real-time, it does not require large amounts of input data, the proposed method is simple to implement and can be used for all hybrid AC/DC systems. With this control strategy, the HVDC makes the interconnected power system more reliable, secure and economic. Therefore, this approach is an important step towards the development of future smart grids.
The proposed control strategy can also be applied to other power flow control devices such as FACTS devices and phase-shift transformers which is the focus of the authors' future work. 
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